This paper mainly introduces Sea-Whale 2000 -a class of long-range hybrid autonomous underwater vehicles, which is newly developed by Shenyang Institute of Automation, CAS. Sea-Whale 2000 is designed to dive to 2000 meters underwater for ocean survey and has a 1500 kilometers workrange at a speed of 0.5m/s, supporting an average payload power of 7 watts. Concentrating on ocean observations, this type of vehicles can run a long-endurance mission for weeks by launching once, and they can accomplish multiple working mode missions, combining horizontal observation at a certain depth and vertical observation like gliders. The pitch control algorithm is mainly introduced, considering it contributes to both of the two characteristics above. Finally, a series of lake experiment results with a prototype are shown to prove the fundamental performances of Sea-Whale 2000 long range AUV.
I. INTRODUCTION
In recent years, a large number of marine surveys are carried out, which greatly promote the development of marine observation equipment. Many institutes have launched their related products, such as slocum glider [1] by Woods Hole Oceanographic Institution, sea-wing glider [2] by Shenyang Institute of Automation, CAS and SOLO [3] float developed at the Scripps Institution of Oceanography, all this kind of vehicles have months endurance, but they all concentrate on the marine vertical profile survey. Based on some needs of marine persistent surveys for days or weeks, Monterey Bay Aquarium Research Institute launched Tethys class AUV [4] , with 300m working depth and about 120 kilograms. The National Oceanography Centre of Southampton developed Autosub LR AUV [5] [6] with 6000m working depth and with more weight. Both the AUVs mentioned above have applied successfully in plenty of sea experiments, presented remarkable advantages in working endurance, working mode and so on.
Sea-Whale 2000's development is to meet the long-term deep-sea mobile survey needs in the South China Sea. And it is aimed to execute observation missions of various work modes with high efficiency, such as cruising at a required depth under the sea(cruise mode),.yo-yo profiles like gliders(yo-yo mode), and drifting in a very low power consumption(drift mode) (shown in Fig.1 ). In terms of cruising capability, this vehicle is designed to work at 0.5m/s in the horizontal plane normally, and can be up to 1.2m/s at full speed. The fundamental scientific payload includes CTD and ADCP, and the optional payloads can be carried such as the chlorophyll sensor, the dissolved oxygen sensor and the nephelometer.
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II. SYSTEM STRUCTURE

A. Mechanical System Structure Overview
To keep high efficiency and low cost for scientific surveys, the Sea-Whale 2000 is designed to a regular, optimized revolving body which is approximately 200kg weight, and 3 meters long. The mechanical structure of this type of AUV follows the principles of modular design modular design concept, to reduce the complexity of the whole system design and enhances the functional scalability of the system(shown in Fig.2 ). Sea-Whale 2000 is divided into five sections: the fore cabin, the buoyancy-regulation cabin, the Attitude-regulating cabin, the buoyancy-compensation cabin and the aft cabin.
The fore cabin contains the altimeter and the DVL, and more sensors can be installed if required. Buoyancy-regulation cabin is mainly equipped with buoyancy-regulation system and fixed battery pack, the buoyancy-regulation system changes the system net buoyancy by adjusting the volume of external oil bladder. The Attitude-regulating cabin is designed to regulating the center of gravity of the vehicle through moving the batterypack forward and backward, and, furthermore, the control unit is mounted in this section. The buoyancy compensation cabin is equipped with a pneumatic buoyancy compensation device, an emergency releaser, which also contains the CTD and the antenna assembly. The buoyancy-compensation device is designed to increase the system buoyancy on the sea surface by inflating the external air bladder, that can reduce the oil bladder design volume and the driven power consumption. The aft cabin consists the rudders, the elevators and propeller propulsion unit, the two rudders are coaxial, as same as the elevators.
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the Chinese Academy of Sciences，Grant No. XDA13030202To reduce the hydrodynamic drag during the AUV cruises in deep seas, an internal moving battery pack and a buoyancy-regulation system are installed in the Sea-Whale AUV inspired by underwater gliders' design idea to keep the attack angle controllable. In addition, a pair of elevators is reserved to keep a good maneuverability performance of the AUV. 
B. Control System Structure Overview
Sea-Whale 2000 selects STM32F407 as the core processor, which supports 168MHz working frequency and balances the peripherals and the consumption properly. In hardware design process, a lot of works have been done to reduce the onboard consumption, including power management and electronic component selected. And in terms of the electrical design, the whole control system is divided into five parts: the drive module, the navigation module, the communication module, the sensor management module and the emergency module.
The drive module is the core module, it is mainly responsible for the attitude control. For the vertical plane driven control, the target depth is the input for the controller. The drive module builds the bridge between the target depth and the actuators by switching the target depth into the target pitch angle and the target net buoyancy. And the target pitch angle control is implemented by the internal moving battery pack and the elevators. For the horizontal plane driven control, the drive module realizes heading control by the rudders.
The navigation module consists GPS, DVL and a threedimensional electronic compass. The three-dimensional electronic compass provides the real-time heading information. GPS gives out the location information when the vehicle floats on the sea surface, but cannot work when it is submerged in water. DVL is used to implement the underwater navigation function. But the navigation accuracy [7] of DVL is limited to whether the bottom-track is valid, especially working in deep center to locate the vehicle when some unexpected incidents happen.
a) Safety monitoring
Safety monitoring is the incident detection unit, it includes leak detection, current detection, voltage detection, motor fault detection, sensor fault detection, overtime detection and so on. It ensures to inform the system at the first time when the incidents happen.
b) Failure response
Failure response is the incident response unit. In this system, it is divided into two type of response according to the severity of the incident. The level-1 failure response type is to release the ballast, that will be triggered when the incident could result in the vehicle lost. The level-2 failure response type is to pump oil to increase net buoyance, this response is triggered when the incident is not too serious, and the vehicle could continue to work after the monitor center diagnose. Fig.3 In some unpredictable situations, the AUV control system may be suspended, which leads to the failures of the GPS and the communication devices. The additional ARGOS location device is installed as a backup location device to work in such situation.
As the resources of the core processor is limited, the software must be designed elaborately. The AUV's software system architecture is designed hierarchically to make the control data flow efficient and stable. Modularization is also considered to guarantee every function unit controlled by core processor work independently.
III. PITCH CONTROLLER DESIGN
According the working mode instructions, there are mainly existing two kinds of observation processes. One is the yo-yo observation process, and the other one is cruise observation process. The core idea of controlling the two observation processes is the same, both of them are to control the pitch of the vehicle. The difference between the two observation processes is the target pitch angle input.
A. Target pitch angle input
As the description above, pitch controller is a part of vertical plane control, the final target of the pitch controller is to achieve depth control. Therefore, the target pitch angle is designed to be proportional to the depth in this system, shown in Fig4. This design has two advantages, firstly, this proportional relationship helps to smooth the depth change of the vehicle. On the other hand, the design adds the dead zone and the maximum limit to the target pitch, If the difference between the current depth and the target depth exceeds the set value ±d1, the target pitch is limited to the maximum pitch angle ±p, that will allow the user to change the speed of the vehicle in diving process or float process. At the same time, the target pitch angle input has a dead zone, that means the targets pitch angle is set to 0 degree as soon as that the vehicle approaches the target depth. This method helps to reduce the adjustment of pitch angle actuators and improve the navigation efficiency when the depth difference . falls within the range ±d2. Fig.5 ) is designed on the principle of low power consumption. The results from design and experiments show that the elevators play a distinct role when pitch angle error is large. And the moving battery-pack unit is used to balance the vehicle in the whole process. The goal of the design is to keep the elevator angle at 0 degree when the pitch angle is 0 degree, that will help the system run more efficiently. In this system, a Fuzzy PI controller is adopted for pitch angle control.
For this Fuzzy controller, the pitch angle error and the pitch angle error change are the inputs, and the controller will give out two sets of different PI parameters. One set (Kp1,Ki1) is adapted to PI1 controller to the elevator actuators, the other one (Kp2,Ki2) is for PI2 controller to the moving battery-pack unit. The fuzzy controller contains three processes, fuzzification, fuzzy rules and defuzzification. a) Fuzzification Considering the controller is mainly implemented in the cruise mode, the fuzzification is aimed at small pitch angle. In the fuzzification process, the absolute value of the pitch angle error are divided into three sections according to its absolute value, (0-5°)(5°-10°)(10°-15°). And the absolute value of the pitch angle error change is also divided into three sections, (0-2°)(2°-4°)(4°-6°). The triangular membership function is adopted in the fuzzification process. b) Fuzzy rules and defuzzification The fuzzy rules use the statement of "IF-THEN" statements governing the relationship between input and output variable in terms of membership functions. Based on the experiments and experience, four tables of fuzzy rules are established in the system for Kp1,Ki1, Kp2,Ki2. In the process of defuzzification, the system adopts the principle of maximum subordination.
IV. LAKE EXPERIMENT
A great many experiments for manipulation and control performances of the AUV was carried out (shown in Fig.6 ) in Qiandao Lake in 2018. During the lake trial, we mainly focus on verifying the stability of the vehicle, especially obtaining optimized fuzzy PI parameters and the establishment of fuzzy rules. The pitch angle control algorithm is presented in detail. During the pitch angle control algorithm verifying, the cruise mode task is executed.
In this task, the target cruise depth is 15m, and the dead zone of depth control is 1m, marked with the blue dash dot line in the depth curve in Fig.7 . The pitch angle limit is between -15°to 15°, the pitch dead zone is 1°. The target pitch angle proportionality coefficient to depth error is k=1. The results in Fig.7 is one set of the experiment data, during the diving process and the floating process, the pitch angle varies proportionally with the depth, which proves the control effect of target pitch angle varying with depth. In the cruise process, the data shows cruise depth is stable in the preset target depth, and the elevator angle and pitch angle of the vehicle are kept at 0 degrees, which satisfies pre-design. Furthermore, the elevators keeping at 0 degrees will contribute to improve the cruise efficiency. The long-range hybrid autonomous underwater vehicle Sea-Whale 2000 is developed for the scientific applications of ocean observation. The AUV has superior range characteristics as compared with existing propeller-driven AUVs. To execute a long range survey, Sea-Whale 2000's mechanical system and control system of are both design elaborately to make the whole system low power consuming, stable and modularized. The fuzzy PI pitch angle controller used in the AUV control system is mainly introduced, and convincing pitch control results was obtained in the process of the lake experiment.
